Introduction
Paravalvular leakage (PVL) is defined as abnormal communication between the sewing ring and valve annulus. 1, 2 The prevalence of PVL in patients who underwent valve replacement surgery has been reported to vary from 1% to 10% around the aortic valve 1, 3 and from 3% to 15% around the mitral valve. 1, 4 Although small PVLs are common and usually benign, they have been associated with poorer survival. 1, 3 Notably, the incidence of major leaks ranges from 2% to 10%. [5] [6] [7] As a treatment for severe PVL, surgical corrections have been recommended to perform either repair of the leak or re-replacement of the valve. However, both procedures have failure rates that range from 12% to 35%, and such cases increase the need for re-intervention. 8 Moreover, recurrence of a PVL can also reduce survival rates among surgical candidates. 9 Recently, percutaneous device closure has been introduced as an alternative option to treat PVL. 5, 6, [10] [11] [12] [13] [14] To reduce the failure rate associated with these treatment methods, a thorough review of the morphological characteristics of the PVLs should be performed before conducting any of these procedures.
Standards of care dictate that imaging studies for an initial diagnosis of PVL are usually made by echocardiography. Recently, several case series have evaluated the utilization of cardiac computed tomography (CT) to evaluate PVLs. 2, 5, 14, 15 These two different imaging modalities each have their own benefits as flow velocity helps clinicians to interpret disease severity, whereas cardiac CT may be better suited for preoperative planning by yielding more precise anatomical details. Moreover, cardiac CT can help a physician select an optimal treatment method by providing a more accurate localization and visualization of these leaks. Although several anatomical reports have been published based on surgical findings, 5, 14, 15 CT-based morphological details have not yet been well characterized. We hypothesized that the morphological characteristics of PVL could be described thoroughly using cardiac CT. Herein, we aimed to demonstrate the morphological characteristics of PVLs, and its potential clinical impact using cardiac CT in patients who had detected PVL on echocardiography.
Materials and methods

Study population
The institutional review board of our institution approved this retrospective study and waived the requirement to obtain informed consent. Between May 2011 and December 2013, 131 patients who showed PVL by echocardiography were retrospectively reviewed. They underwent echocardiography for routine postoperative care (n = 82) or a symptomatic evaluation (n = 49). Symptomatic patients were defined based on the presence of congestive heart failure, systemic emboli, haemolysis, and new-onset atrioventricular block. Congestive heart failure was defined based on criteria developed by the Framingham Heart Study. 16 Haemolysis was defined as a serum lactate dehydrogenase level >460 U/ L along with any two of the following criteria: (i) level of blood haemoglobin <13.8 g/dL for males or <12.4 g/dL for females; (ii) level of serum haptoglobin <50 mg/dL; or (iii) reticulocyte count >2%. After excluding two patients with suboptimal CT image quality due to severe motion artefacts, 46 patients (mean age 62.0 years, 24 males) subsequently underwent electrocardiogram-gated cardiac CT and were ultimately enrolled. Reasons for the examination by cardiac CT were most commonly for demonstration of paravalvular anatomy to plan treatment of a PVL (n = 44), followed by evaluation of coronary artery disease (n = 2). [17] [18] [19] All CT scans were obtained within 7 days of the initial transoesophageal echocardiography (3 ± 2 days). Patient demographics, clinical findings, echocardiography findings, and surgical records were reviewed based on electronic medical records. Overall mean follow-up periods were 410 ± 253 days.
CT technique
Retrospective electrocardiogram (ECG)-gated cardiac CT was performed using a second-generation dual-source CT (Somatom Definition Flash, Siemens, Erlangen, Germany). The scan delay was determined using a bolus tracking method with a threshold of 100 HU, and the region of interest was placed in the ascending aorta. Images were obtained after injecting 60-80 mL iomeprol-400 (Iomeron; Bracco Imaging, Milan, Italy), followed by 40 mL saline chaser at 4 mL/s. The body size radiation doseadaptive protocol, in which the tube voltage and current time product were adjusted according to the patient body habitus, was used to reduce the radiation dose as follows: 80-120 kVp tube voltage, 185-380 mA tube current per rotation with a 280 ms gantry rotation time, and 128 Â 0.6 mm collimation. ECG-based tube current modulation was applied (R-R interval, 30-80% 
CT image analysis Image reconstruction
CT images were reconstructed in a 5% R-R interval using a 1-mm slice and a B26 kernel, which were transferred to an external workstation (Aquarius, TeraRecon, Foster City, CA, USA) for post-processing. Before interpreting the cardiac CTs, details of the echocardiography regarding the size, location, lesion number, and shape of the PVL were blinded, except the presence of PVL. Evaluation of the PVL was independently performed by two radiologists for the following steps (see Supplementary data online, Videos S1 and S2). First, cardiac phases with the least motion and beam-hardening artefacts were selected. The least amount of motion around the prosthesis on CT images could be distinguished by reviewing different intervals of the cardiac phases. The largest size of PVL during whole obtained cardiac cycles is measured. Because of cardiac motion artefacts and beam hardening artefacts from prosthetic valve, not all phases could be used for evaluation of PVLs. We performed the comparison of PVL sizes between systolic and diastolic phases in a subset of patients. In consequence, aortic PVLs are measured during the systolic phase (20-40% R-R) and mitral PVLs are drawn in the diastolic phase (65-85% R-R). Second, multiplanar reformatted (MPR) images were generated by sagittal view ( Figure 1A and D) and en face views of the prosthetic valves ( Figure 1B and E). Third, the morphological characteristics of the PVL were determined. A contrast media-filled lesion adjacent to the prosthetic valve that was continuous between the two cardiac chambers was defined as a PVL. The PVLs are frequently small and the peri-dehiscence tissues may be thin, so to avoid overestimation of the true area of the dehiscence, further image reconstruction was carried out by either rotating the imaging plane to centre the dehiscence or using a 360 rotational technique following the 'double-checking' method. Fourth, en face views of the volume rendering images were provided as surgeon-friendly images (surgeon's view; Figure 1C and F). The raysum technique was used to generate fluoroscopy-like images (fluoroscopic projection view; Figure 1G ). The entrance site to the PVL was marked on fluoroscopic views with diverse angles (see Supplementary data online, Video S3). The raysum images with fluoroscopic views for an interventional cardiologist was generated using a separate workstation (Advantage Server, General Electric, MI, USA).
Morphological characteristics of PVLs on CT
The location and extent of each PVL was marked based on a clock-wise format on en face views of CT images ( Figure 2 ). Twelve o'clock was assigned to the commissure between the left-and right-coronary sinuses, 4 o'clock to the commissure between the right-and non-coronary sinuses, and 8 o'clock to the commissure between the left-and noncoronary sinuses. A reference line was drawn from the commissure of the left-and right-coronary cusp to the mid-portion of the non-coronary sinus. Similar to an aortic valve assessment, the mitral PVL location could also be reported. The mid-points of the anterior and posterior annulus were represented as 12 and 6 o'clock, respectively. The postero-medial commissure and interatrial septum were at 3 o'clock, while the anterolateral commissure and atrial appendage were at 9 o'clock. determined based on MPR images. On an en face view of the prosthetic valve, the long-and short-diameters, perimeter, area, and involved angle of the PVL were measured to describe the extent of the PVL (see Supplementary data online, Figure S1 ). The length of the dehiscence tract was measured on a profile view of the prosthetic valve that was centred at the dehiscence. The shape of the PVL was categorized as round, ovoid, or crescent using a ratio of the long diameter to short diameter (L/S ratio) as follows: (i) round shape, L/S ratio of two or less; (ii) ovoid shape, L/S ratio between two and five; and (iii) crescent shape, L/S ratio of more than five.
Treatment method
Treatment strategies were decided based on patient symptoms, comorbidity, regurgitant degree with heart function on echocardiography, and the morphological details on cardiac CT. For patients who had undergone cardiac CT, multidisplinary heart team conferences that included the cardiologist, cardiac surgeons, and radiologists were held. The degree of paravalvular regurgitation through the dehiscence was graded as either mild, moderate, or severe based on the color Doppler jet area on echocardiography. In patients with mild PVL and no symptoms, careful follow-up was recommended. In cases of moderate or severe leakage with clinical symptoms, either surgical or interventional treatment was recommended. Before repair of the PVLs, the surgeon's view or fluoroscopic projection view was provided to the operator. During PVL repair, the morphological details of the PVLs were recorded by the operator regarding the location, number, and shape of the dehiscence. 
Statistical analysis
Continuous variables were analysed using independent samples t-test, and the Fisher's exact test was used to analyse categorical variables. By the Kruskal-Wallis analysis, sizes of PVLs on CT were compared according to the degree of regurgitant grade on echocardiography. Interobserver agreements on the size, location, and number of lesions on CT were obtained using a two-way random model intra-class correlation coefficient with consistency assumption. A two-sided P-value <0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using the Statistical Package for the Social Sciences (version 18 for Windows; SPSS Inc., Chicago, IL, USA).
Results
Patient characteristics
Baseline characteristics of patients are summarized in Table 1 . Patients who had undergone CT were more symptomatic (74% vs. 18%, P < 0.001) and showed decreased LV systolic function. On CT, a total of 48 PVLs were noted in 46 patients. One patient had two sites of mitral PVL, and another patient presented both aortic and mitral PVLs (Figure 1) . CT characteristics and treatment methods for aortic and mitral PVLs are noted in Table 2 . Left and right coronary sinuses are common sites of aortic PVLs. Lateral portion (42%) of the mitral annulus was the most common site of mitral PVL. Half of the PVLs had a round shape, which indicated potentially adequate for device occlusion. Inter-and intra-observer agreement for CT measurements of PVLs were good to excellent (range 0.78-0.99) (see Supplementary data online, Figure S2 ).
Comparisons between CT and echocardiography
The numbers and locations of PVLs detected on CT were the same with echocardiography except one patient. In the patient, two mitral PVLs on transoesophageal echocardiography had shown as a single elongated PVL on CT and finally confirmed to be a single lesion on the surgical inspection (Figure 3) . The diameter, perimeter, area, and involved angle of PVLs measured on CT were significantly larger in patients with higher regurgitant grades on echocardiography ( Table 3 and Figure 4) . However, the length of PVLs were not statistically different according to the degree of regurgitant grades.
Size of PVL and treatment methods
The size of PVLs were compared between systolic and diastolic phases in a subset of patients (see Supplementary data online, Table S1 ). Although there was no statistical significant difference, aortic PVLs are slightly larger during the systolic phase (20-40% R-R) and mitral PVLs are slightly larger during the diastolic phase (65-85% R-R). Representative cases are demonstrated in Supplementary data online, Figures S3 and S4 . More than half of aortic and mitral PVLs were treated by surgical correction and six sites (five patients including one who had both aortic and mitral PVLs) of PVLs were managed by percutaneous device closure. The numbers and locations of PVLs detected on surgical filed were the same with those demonstrated on CT. The sizes of aortic PVLs are larger in patients who underwent surgical correction compared to those in patients with device closure or who observed without treatment ( Table 4 ). The areas of mitral PVLs in patients with surgery were larger than those in patients without surgery, but marginally significant (P = 0.05). In both aortic and mitral PVLs, surgical correction is preferred to patients who presented severe regurgitant grade on echocardiography (P < 0.05). Among the five patients who were managed by percutaneous interventions, three patients (including the patient who had both aortic and mitral PVLs) were successfully treated, and two patients with small mitral PVLs exhibiting an elongated shape failed because of difficulty in guiding the passage of the catheter through the narrow and long dehiscence tract ( Figure 5 and Supplementary data online, Video S1). The remaining 13 PVLs were observed without treatment because of the absence of symptoms (n = 11) or reluctance to undergo invasive treatment (n = 2). Postoperative mortality (range 1-56 days) occurred in three patients due to pneumonia (n = 1), multiorgan failure with a failed prosthetic valve (n = 1), or septic shock secondary to underlying infective endocarditis (n = 1). 
Discussion
The major findings of this study were as follows: (i) cardiac CT could demonstrate the size and location of PVL, and the location of PVLs were matched with those noted on echocardiography and surgical inspection; (ii) the sizes of PVLs were significantly larger in patients with higher regurgitant grade; and (iii) surgical correction is preferred to patients who presented large PVLs on CT and severe regurgitant grade on echocardiography.
Making the decision to perform a reoperation in patients with PVL is difficult because of the high surgical morbidity and recurrence rate (12-35%) of PVLs after reoperation. 8 Recently, interventional occlusion for PVL has emerged as an alternative treatment strategy.
10,21-24
For decision making in PVL treatment, anatomical information about the PVL, including the size, shape, and the three-dimensional relationship between the PVL and cardiac structure, are important. Echocardiography is the initial modality of choice that has excellent temporal resolution and real-time imaging capabilities. Notably, for the detection of PVLs, colour Doppler imaging can easily indicate the location and degree of paravalvular regurgitant jet. However, anatomical demonstration of a PVL using echocardiography often is compromised by metallic artefacts from the prosthetic valve and its limited sonic window. By providing more precise anatomical details, including the exact location and morphology of the PVLs on CT, pretreatment planning could be better tailored and individualized. 25 By simulating the entrance site of the guidewire through the PVL on a fluoroscopic view of CT to guide the percutaneous procedure, both the fluoroscopic time and radiation exposure could be reduced. For PVLs located in the medial aspect of the prosthetic mitral valve, it is challenging to perform a trans-septal access because of the difficulty of manipulating the acute angle with a guidewire. 14 Moreover, the shape and length of the dehiscence tract are also determining factors. If the dehiscence tract is long and narrow, it can be difficult to negotiate the guidewire. If the lesion is crescent shaped or large that it cannot be occluded using occlusion devices, surgical management should be considered.
14 These conditions can be clearly demonstrated on cardiac CT using reconstructed images. 26, 27 Detailed anatomic information with a familiar view for either surgeon or interventionist may be helpful for planning of treatment strategy. CT can also be used to evaluate PVL after transcatheter aortic valve implantation (TAVI). Conventional parasternal short-axis analysis using echocardiography can underestimate the extent of PVL with false negative studies up to 14%. 28 Moreover, in contrast to angiography, echocardiography did not show good correlation with magnetic resonance imaging in the assessment of PVL after TAVI. 29 Similar to the methods used to evaluate PVLs occurred after surgical valve replacement in this study, CT 3-dimensional multiplanar reconstruction images can demonstrate sagittal view and short-axis cuts (en face views) of the prosthetic frame geometry of TAVI device. 30, 31 To avoid overestimation of the dehiscence, further image reconstruction can be carried out by either rotating the imaging plane to centre the dehiscence or using a 360 rotational technique following the 'double-checking' method. The raysum technique can also be used to generate fluoroscopy-like images. Previously, aortic PVLs have been reported to be more commonly located in the right-and non-coronary cusps. 32 However, in our present study, right-and left-coronary cusps are common sites of PVLs. Mitral PVLs were found to be evenly distributed around the sewing ring, which was in accord with the findings of a previous study. 33 Considering the small sample size of our study, further studies with a larger population will be necessary.
Limitations
Our study had several limitations. First, there is a selection bias, only 46 patients with CT out of 131 with PVL detected on echocardiography were studied. The patients with CT performed were more symptomatic, had bigger ventricles and lower ejection fraction. Patients with severe regurgitant flow with large sizes of leakages might be included, and the results of this study may not be applicable for small lesions. However, the smallest sizes of aortic and mitral PVLs in our study were 4.4 and 1.5 mm, respectively. These values suggest the potential use of CT for evaluation of PVLs even for small lesions. Also, it may not be easy to distinguish between small leaks and pledgets or stitches because the density is similar during the angiographic phase. A way to avoid mistakes is to perform a pre-contrast gated scan. Second, observer bias should be considered because the readers had known about the presence of the PVL when they interpreted the CT images. Because patients in this study were collected at a tertiary referral centre and cardiac CT imaging was used as a preoperative planning method, thorough evaluations were performed for optimal patient care. To overcome this bias, all cardiac source images were interpreted by two readers who were blind to the size, location, shape, and number of PVLs and interobserver agreement was good. Third, CT interpretation may be highly dependent upon the data processing quality. 34 In our study, we exclude two patients with suboptimal CT image quality because of motion artefacts. To measure the largest size of PVL during obtained cardiac cycles, we used systolic phase for aortic PVLs, and diastolic phase for mitral PVLs. However, because of cardiac motion artefacts and beam hardening artefacts from prosthetic valve, not all phases could be used for evaluation of PVLs, thus we could performed the comparison between systolic/diastolic phases in a subset of patients. Further studies to evaluate the changes of PVLs during different cardiac cycle phases would be of value. Nevertheless, our current findings may demonstrate a practical role for cardiac CT in the planning of PVL treatment by providing detailed anatomic data. Finally, because not all patients underwent operations and the limits of surgical records, we could not compare the morphological characteristics of PVLs detected on CT to surgical anatomy. However, we have shown that the morphology data on CT, long/short diameter, angle and length of PVLs, could be used to demonstrate PVLs and the information may aid in the planning of a treatment strategy.
Conclusion
In conclusion, cardiac CT can be used to detect and localize aortic and mitral PVLs. The visualization of anatomic information using a familiar view for either a surgeon or an interventionist may aid in the planning of a treatment strategy.
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Supplementary data are available at European Heart Journal -Cardiovascular Imaging online. 
